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PREFACE

The Electric and Hybrid Vehicle Research, Development, and Demonstration
Act of 1976 (Public Law 94-413) authorized a federal program of research and
development designed to promote electric and hybrid vehicle technologies. The
Department of Energy (DOE), which has the responsibility for implementing the
Act, established the Electric and Hybrid Vehicle Research, Development, and
Demonstration Program within the 0ffice of Transportation Programs to manage
the activities required by Public Law 94-413.

The National Aercnautics and Space Administration (NASA) was authorized
under an interagency agreement (Number EC-77-A-31-1044) wit.. DOE to undertake
research and development of propulsion systems for electric and hybrid vehicles.
The Lewis Research Center was made the responsible NASA center for this project.
The study presented in this report is an early part of the Lewis Research Center
program fer propulsion system research and development for hybrid vehicles.
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1. EXECUTIVE SUMMARY
1.1 Introduction

This report presents the results of a study performed on hybrid heat engine/
battery electric-vehicle-propulsion systems. The systems considered all used a

rotary stratified-charge engine and an AC motor in a parallel hyt:id configuration.

The work involved three major tasks, which are treated in the remainder of
this summary. These are:

0 Parametric studies, in which a class of vehicle and a set of propulsion-
system design parameters were selected for further study.

o Design tradeoff studies, which resulted in the selection of design
directions for the major components.

o Conceptual design, in which these design directions were pursued in
more detail.

The study was performed by South Coast Technology, Inc., and two major
subcontractors, Gould, Inc., and Curtiss-Wright Corporation.

1.2 Parametric Studies

The five vehicle types considered in these studies were:
Two-passenger commuter car

Four-passenger car (primarily local use)
Six~passenger family car (general use)
Eight-passenger van

Fifty-passenger city bus

o 0 o ©0 ©°

Using vehicle weight relationships supp1ied'by LeRC, and component power-
to-weight re1étionships developed by SCT and its subcontractors, propulsion .
systems were sized for these vehicles to meet performance goals set by LeRC.
This analysis was performed for each vehicle {ype, over a range of heat engine
powef fractions ranging from O (pure electric vehicle) to 1 (conventional heat
engine powaered vehicle), and for two battery types, nickel-zinc and lead-acid.

“
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In most cases, the critical performance go2l was the 0-90 KPH (0-56 MPH) time,
which was specified by LeRC as follows:

o Two passenger car 15 sec.
o Four passenger car 12 sec.
o Six passenger car 12 sec.
o Eight passenger van 15 sec.

(No 0-90 KPH time was specified for the bus)

A computer program was developed to analyze the energy consumption of these
various vehicle/propulsion system combinations over driving cycles specified by
LeRC. The program incorporated a control strategy with a2 bi-modal structure,
which allowed the propulsion battery to discharge to a specified level (discharge
1imit) on the first mode, and which maintained it at that level in the second
mode. This strategy permitted a portion of the vehicle energy requirements nor-
mally supplied by on-board fuel to be shifted to wall plug electricity. The
control strategy also called for the heat engine to be running only when the
power demand was high enough so that it could be operated within an efficient
region. This program was exercised for all the vehicle propulsion system com-
binations to provide estimates of annual fuel and wall plug energy consumption
under the usage conditions specified by LeRC. These results, together with esti-
mates of proulsion system acquisition costs, battery 1ife and replacement costs,
and maintenance and repair costs, were then used to estimate 1ife cycle costs for
the various propulsion systems. (Note: A1l cost estimates are given in 1976 §,
per LeRC guidelines.)

These studies gave the following results:

o For all vehicles, fuel consumption increased and wall plug energy
usage decreased as the heat engine power fraction increzsed from 0
(pure electric) to 1 (pure heat engine). This was expected. However,
the 1ife cycle cost steadily decreased over the same range of values
of heat engine power fraction. In other words, for all vehicles and
missions considered, it is cheaper to btuy and operate a conventional
vehicle than a hybrid, both of which use the same heat engine tech-
nology. This conclusion held true for assumed 1985 energy pricing
($1.50/gal. for gasoline, $.06/KWH for electricity, in 1976 §) and
for 1990 pricing (SZ.00/gal. and $.07/KWH).
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o The application for which a hybrid propulsion system appears to be
most nearly competitive with a conventional system is in the large
six passenger car. This application had the largest percentage re-
duction in fuel consumption, and the smallest percentage increase in
Tife cycle cost. Because this applicatior also repreésents a large
segment of the automotive market, it was concluded that it was the
most suitable for continued study. LeRC concurred in this conclusion.

o' In order to keep the economics of the hybrid system somewhat competi-
tive with a conventional propulsion system, the heat engine power
fraction should be at Teast .7; i.e., the heat engine should be capable
of supplying at least 70% of the maximum system power requirement.
Moreover, the propulsion battery should be sized so that it operates
near its peak power capability when the eleciric propulsion subsystem
is operating at maximum power.

o Based on the battery cost and life assumptions provided by LeRC, the
use of lead-acid batteries resulted in a lower life cycle cost than
nickel-zinc. However, recognizing the uncertainties involved in any
projections regarding cost and 1ife of developmental batteries, both
these battery types were kept under study during the subsequent Design
Tradeoff Studies task.

1.3 Design Tradeoff Studies

The objective of this task was to develop a design approach for a hybrid
propulsion system for the six passenger car application which would provide sub-
stantially reduced fuel consumption, compared with a conventional system, and
competitive 1ife cycle cost. To this end, variations in design parameters and
design approeches were studied at the system, suBSystem, and component level.

The first step in this effort was the construction (on paper) of a baseline hybrid
system, whose design parameters were based on the results of the Parametric Studies
Task. A computer simulation of this system was developed which represented the
‘'system elements in considerably greater detail than the program used in the Para-
metric Studies. This simulation, appropriately modified as required by the parti-
cular study being done, was used to quantify the variations in fuel and énergy'
consumption which resulted from changes to the baseline. system in design parameters,
component characteristics, or system configuration. '
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The design parameters for the baseline hybrid system are summarized below:

Heat Engine - Single rotor, direct-injected stratified charge, 70 Ki
peak output at 6000 RPM.

Electric Propulsion Subsystem - Induction motor with thristor AC con-
troller, 28.5 KW peak output at 3600 RPM.

Propulsion Battery - Improved state of the art lead-acid, 390 KG weight,
95 W/KG peak utilized specific power.

Transmission - 4 speed automatic with torque ccnverter.

In terms of mechanical configurations, the heat engine and induction motor
were in-line with a clutch between them to permit the heat engine to be decoupled
from the system and shut down when it is not required. The traction motor drove
through the torque converter and drove the accessories (power steering pump,
transmission front pump, etc.).

The control strategy used for the baseline hybrid was, again, a bi-modal
strategy with the change in mode being determined by battery depth of discharge;
and the heat engine operated in an on-off manner. The elements of the strategy
were as follows:

Mode 1 (Depth of discharge above a specified discharge limit) - Heat
engine is off unless the system power demand is above a minimum Tevel,
which was determined from optimization studies to be about 17 KW (22.8 HP).
For power demands above this level, the heat engine is brought on-line and
operated whenever possible along an optimum power vs. speed line. The
traction motor supplies the difference between the power demand and that
supplied by the heat engine.

Mode 2 (Depth of discharge held constant at the discharge limit) - In this
case, the heat engine must meet the average system power demand, and it
operates 2 much larger fraction of the time than on Mode 1. It is brought
on-1ine whenever the torgque demand exceeds a minimum level of 23.8 N-M

' (17.6 ft.-1b.). Once the heat engine is on-line, the electric motor is
operated at zero current draw unless the system demand exceeds the heat
engine's capability, in which case the motor makes up the difference. The
motor is used for regenerative braking on both Modes 1 and 2.
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With this basic control strategy, it was found that it was possible to
operate the heat engine at an average brake specific fuel consumption which was
only 6.5% higher than its 1owest'possib1e value on Mode 1, and 10% higher on
Mode 2. Both these results were attained on the Federal Urban Driving Cycle.

" The battery discharge 1imit was set, more or less arbitrarily, at 60% of the
maximum energy which could be withdrawn from the battery under the discharge
pattern experienced in the hybrid. Subsequent analysis indicated that this
Timit could be set up to 80% without significant loss in performance or battery
life.

With the 60% discharge limit, the baseline hybrid met all the performance
and gradeability goals set by LeRC. The yeariy average fuel consumption was
estimated to be .0431 1/km (54.6 mpg) vs. .0881 1/km (26.7 mpg) for a reference
conventional propulsion system. The hybrid also consumed .196 kwh/km of wall
plug electricity. With regard to costs, it was found that, with $2/gal. for
gasoline and 7¢/kwh for electricity, the life cycle cost for the baseline hybrid
system was 7.17¢/km vs. 6.11¢/km for the reference conventional system. Major
factors in the excess cost of the hybrid system were acquisition costs for the
electric propulsion system and battery, and battery replacement costs. At the
7¢/kwh electricity cost level, the break-even fuel price point for the hybrid
was about $3/gal. No justification could be found for assuming fuel prices at
this level, so the values of $2/gal. and 7¢/kwh were retained.

With the baseline system characterized, a number of computer simulation
runs and cost analyses were made to assess the effects of variations in design
parameters from the baseline values. The first of these parameters was the heat
engine power fraction. This ané]ysis confirmed the findings of the Parametric
Studies Task; i.e., fuel consumtpion increased, but 1ife cycle cost decreased
with increasing heat engine power fraction. However, it was also found that the
rate of increase of fuel consumption got much higher when the power fraction was
pushed much past .7, and it was concluded that the best comprdmise between fuel
consumption and life cycle cost was in the .7 to .75 region. Consequent1y,'there
was no reason to change from the baseline value of .71.

Variations in design parameters involving the propulsion batteries were
also studied. These parameters included:
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o Battery weight [equivalently. maximum battery specific power)
o Battery type (i.e., lead-acid, nickel-zinc, or nickel-iron*)
0 Battery specific energy

The results of this study included the following:

o Increasing the maximum battery specific power to permit a reduction
in battery weight of 16.7% increased fue?l consumption by 7%, de-
creased wall plug energy consumption by 10%, and decreased life
cycle cost by 3.1%.

0 Reducing battery specific energy by 20% (leaving peak specific
power and battery weight unchanged) increased fuel consumption by
10%, decreased wall plug energy consumption by 9%, and increased
life cycle cost 2.1%.

o Of the three ISOA battery types, with the batteries sized to take
advantage of their respective peak specific power capabilities,
the system with nickel-iron batteries achieved slightly lower life
cycle cost and slightly lower fuel consumption than the baseline
lead-acid system. The nickel-zinc system achieved the lowest fuel
consumption (20% lower than the baseline), but the life cycle cost
was significantly higher (17% above the baseline) due to high bat-
tery cost and frequency of replacement.

It must be noted that these results were obtained under certain assumptions
with respect to battery performance, cost and 1ife which may or may nct prove to
be true in the event the ISOA batteries reach production status. However, it was
possible to draw 2 more general conclusion which is not so highly dependent on
these assumptions. This relates to the dependence of life cycle cost on the bat-
tery parameters of peak specific power (w/kg), specific energy (wh/kg), and the
ratio of specific cost ($/kg) to life. Specifically, what the study results
indicate is that, in minimizing the 1ife cycle cost of a hybrid vehicle, the twc
most important parameters are, first, peak specific power, and, following it very
closely, the ratio of specific cost to life. Specific energy, generally consi-
dered as being extremely important in electric vehicles, is of seccondary import-
ance in a hybrid, at least in terms of life cycle cost.

* Nickel-iron was not included in the scope of work; however, it was included
so that all three ISOA {Improved State of the Art) batteries would be repre-
sented.



M RTT T TRPN

TR T TP
.

Ln

7

A parameter which affects 1ife cycle cost and fuel economy, and which is
also related intimately to the propulsion battery, is the batterv discharge
1imit at which the transition from Mode 1 to Mode 2 is made. Because of the
high average rate at which the propulsion battery discharges in Mode 1, the
actual depth of discharge (relative to the standard 3-hour rate) at which the
discharge limit is reached, is considerably less than the discharge limit itself.
In fact, at a discharge limit of .6, the depth of discharge relative to the
3-hour rate was found to be only 31% for the baseline system. Within the range
of discharge limits of .6 to .8, it was found that the reduction in battery life
at higher values of discharge 1imit was outweighed, in terms of cost, by savings
in fuel. At a value of .8 for the discharge 1limit, fuel consumption decreased
to .0384 1/km ana iife cycle cost to 7.13¢/km from the baseline values of
.0431 1/km and 7.17¢/km, respectively. The change in discharge limit from .6
to .8 was incorporated in the subsequent work in the Conceptual Design Task.

Another area of study in the Design Tradeof® Studies involved variations
in vehicle characteristics and design parameters. In particular, the effects
of variations in vehicle performance requirements were investigated to determine
whether a reduction in these requirements would alleviate the hybrid's problem
of high 1ife cycle cost. The effect of a reduction in acceleration performance
was, indeed, found to be significant, provided the reduction was fully takan
advantage of by holding the peak battery specific constant, thereby reducing the
battery size. Holding the heat engine power fraction and the peak battery speci-
fic power at the same values as the baseline, and reducing the 0-90 kph acceler-
ation time by about 8% (1 sec.), resuited in a reduction in life ¢cycle cost by
4% to 6.88¢/kmn. Surprisingly, the lower performance system consumed about 2.6%
more fuel than the baseline; this was a result of the fact that the reduction in
battery size produced a net decrease in the fraction of the total vehicle energy
requirements which was supplied by stored energy. It was concluded from this
investigation that the life cycle cost picture for the hybrid could be impreved
somewhat by backing off on the performance requirements. It would be appropriate
to consider this in defining the requirements for a hardware development program;
however, for the duration of this program, the reauirements as defined by LeRC
were adhered to.

Design approaches other than those used in the baseline system were investi-
gated for the system mechanical layout, the transmission, heat engine, and elec-
tric propulsion subsystem. An alternative mechanical layout was considered in .
which the torque converter was interposed between the heat engine and the electric

PRI o ¢,
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motor, rather than both components driving through the torque converter. This
has the advantage of reducing torque converter losses; however, it also means
that a separate accessory drive system is required (since, with this configura-
tion, the electric motor is stopped whenever the vehicle is). It was found that
the cost of a separate accessory drive would not be offset by the fuel savings,
so no further consideration was given to this layout. It would, however, pro-
vide a viable alternative for a system in which the heat engine ran continuously
and would thus be available to drive accessories directly. However, simulation
of systems with continuously running heat engines indicated substantial fuel
consumption penalties (in excess of 2°) over the baseline system and its control
strategy. This associated cost is only slightly offset by a reduction in wall
plug energy. Censequently. it was concluded the hybrid system's best chance of
being cost competitive with a conventional system is to maximize fuel savings by
using an on/off heat engine control strategy. The mechanical configuration used
for the baseiine system appears to offer the most economical way of implementing
such a strategy.

Alternative transmissions were also considered, primarily as a means to
eliminate torque converter losses. Transmissions considered inciuded an auto-
matically shifted gearbox and continuously variable transmissions (CVT's). These
devices all have one major disadvantage: They provide no shock absorbing capa-
bility in the driveline to smooth out the transient associated with suddenly
coupling the heat engine into the system and starting it when the power demand
requires it. With a torque converter in the system, the severity nf this tran-
sient is reduced by a factor of about 10. In short, for a small improvement in
fuel economy, use of a transmission without a torque converter significantly in-
Creases the problem of developing adequate driveability in a system using on/off
engine operation. In addition, it imposes an additional development task with
regard to the transmission itself. Since the development of a system which in-
corporates on/off engine operation involves considerable risk in the areas of
emissions control, driveability, and engine thermal control, and since the lar-
gest fuel economy pay-off is associated with the successful implementation of
on/off engine operation, the judgment was made to stay with a transmission that
does not complicate this task; i.e., the conventional 4-speed automatic used in
the baseline was retained.

A similar "keep it simple and concentrate on what is important" philosophy
applied to the tradeoffs involving the heat engine. Alternatives considered
here included using a downsized, turbocharged single rctor design and a two-rotor,

R Y IS Y
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variable displacement design. In conventional systems, both these approaches
at improving the specific fuel consumption at light load operation. However,

in the hybrid, such operation is effectively eliminated by the control strategy,
so the potential fuel economy gains from turbocharging or variable displacement
are extremely small relative to the costs involved. Consequently, the simple
single rotor, naturally aspirated design used in the baseline was retained.

Design alternatives considered for the electric propulsion subsystem
included the following:

o Type of semiconductor device (thyristor, transistor)
o Commutation circuit for thyristor case (individual pole, DC-side)
¢ Motor type (8 induction, AC permanent magnet synchronous)

These alternatives were investigated in terms of cost, efficiency, and
development requirements. The principal results of this study were the follow-
ing:

o The most cost effective approach to motor control, in terms of semi-
conductor device selection, depends not only on the power level to be
controlled, but also on the ease witn which the basic controller top-
ology can be modified to serve other functions, in particular, battery
charging and the supply of 12 V accessory power. Wnen all these fTac-
tors are taken into account, it was conciuded that, in the time frame
of interest (1981-1985 for development, post-1985 for production), an
SCR based controller using DC-side commutation would probably have 2
slight advartage over a transistor based controller, for motor output
power levels in the 25-30 kw range. Optimistic and conservative cost
projections were made for the controller components for both transistor
and SCR approaches. These were then used as a basis for estimating the
cost of the complete contrcliler. It was found that the optimistic and
conservative estimates for the transistor approach were higher than the
corresponding estimates for the SCR apprcach. However, the ranges cf
subsystem costs for the two approaches overlapped; i.e., the optimistic
cost projection for the transistor based controller was less than the
conservative estimate for the SCR based controller.

o The transistor based controller has the potential for somewhat higher
combined motor/controller efficiency than the SCR based systom (ca. 86%
vs. ca. 82%). In terms of life cycle cost, this would tend to minimize

Tieo .
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the cost disparities between the two approaches, although, based on the

average of optimistic and conservative projections, the SCR system
would still have a slight advantage.

o The permanent magnet synchronous motor offers three major advantages
over an induction motor: higher efficiency. higher power factor, and
reduction in SCR controller complexity by its ability to commutate the
main motor SCR's and, thus, reduce commutation circuitry (some is still
required for Tow speed operation). The principal question mark involves
its cost in volume production. Two present manufacturers of motors of
this type provided estimates of 3 to 4 times the cost of a comparably
rated induction motor. Such a cost penalty would outweigh the savings
due to the reduction in commutation circuitry and the improvement in
efficiency.

Based on these results, it was concluded that an AC drive system using an
SCR controller with DC-side commutation and a three-phase induction motor repre-
sented a suitable design approach for continued study. However, because of rela-
tively small difference in cost between transistor and SCR desicn approaches, it
was concluded that any future development program should leave open the option
of pursuing the transistor approach if information available at the time indicates
changes in the cost projections made in this program. Future costs of permanent
magnet synchronous motors remains an open question: it was concluded that develop-
ment of these motors to achieve lower costs was more appropriate to a component
level development program, than to a program involving development of a complete
hybrid system.

1.4 Conceptual Design

The Design Tradeoff Studies Task indicated that the configuration and design
parameters used for the baseline hybrid propulsion system were, in general, suit-
able as starting points for continued design and development. (The major excep-
tion to this was the battery discharge 1limit, which was raised from .6 to .8
based on tradeoff study results which showed that this would improve fuel con-
sumption and not adversely affect jife cycle cost.) The major components and
subsystems of the hybrid propulsion system are as follows:

o Heat engine - A single rotor, 72 CID stratified charge rotary engine
rated at 70 kw at 6000 rpm. The engine is mounted in-1ine with the

o Pttt o
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electric motor and coupled to it by a hydraulically aétuated clutcn.
The encine utilizes a two-stage direct injection system with the pilot
stage initiating combustion and the main stage accommodating the vary-
ing load requirement. A high energy ignition system is provided which
supplies a long duration spark obviating the possibility of misfire.
The combustion zone itself is formed by a pocket in an insert bolted
to the rotor face. The temperature of this pocket is maintained at
high level by an insulatii.g air gap between the insert and rotor; test
results show that maintaining such high temperatures reduces exhaust
emission levels. Overall, the engine's thermal efficiency is competi-
tive with that of the best automotive pre-chamber diesels, with low raw
emission levels and lower particulate emissions than a diesel.

Electric propulsion subsystem - Consists of a 3-phase AC <induction motor
powered by an SCR controller. The inverter configuration is a voltage
source, force commutated inverter with DC-side commutation used to turn

off the main SCR's. The peak shaft output of the system is 28.5 kw at
3600 rpm. The battery charger is integrated with the controller, util-
i2ing the same major power elements (SCR's and commutation inductors

and capacitors). The peak charge rate would be on the order of 2-2.5 kw.
The topology of the SCR controller also permits a 12 V accessory supply

of about 600 W output to be incorporated without much additional circuitry.

System controller - Implementation of the bi-modal control strategy
requires the use of a microprocessor based controller. An 8-bit unit
would be used, with a program memory of between 2 and 4 bytes, a data
memory of 256 x 8, and a scftware program execution rate of at least
20 times per second. The controller interfaces with the vehicle and
propulsion system components through suitable sensors and electromech-
anical actuators.

Transmission/final drive - Four-speed overdrive automatic with transmis-
sion ratios of 2.45, 1.45, 1.0, and .75, a final drive ratio of 4.12,
and a converter stall torque ratio of 2.1. Torgue converter lockup,

or a split mechanical/hydrodynamic torque path, could be provided on the
upper gears providad this does not result in excessive transmission of
engine start transients to the vehicle. ‘
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o Propulsion Battery - Improved state of the art lead-acid, weighing
390 kg. Voltage would be determined primarily by factors of technical
convenience during detail design and development of the motor zontrols,
but would be in the 60-120 V range. An alternative which may be more
attractive, depending on whether production costs can be brought down
to reasonable levels, is a nickel-iron battery of about 275 kg mass.
The associated reduction in vehicle mass would permit a2 reduction in
peak motor shaft output to 26.3 kw, with the heat engine output being
unchanged.

o Cooling and Lubrication System - The preferred approach here is to use
& conventional radiator and cooling system to handle the bulk of the
heat engine's cooling requirements, together with a system utilizing
automatic transmission fluid as a combined lubricant and heat transfer
medium, whicn accomplishes the following functions:

- Lubrication and hydraulic supply for the transmission
- Cooling of the induction motor and inverter
- Engine lubrication and temperature maintenance

This second system controls the fluid temperature at the entry to
inverter by means of an 0il cooler and bypass thermostat and reduces
the packaging requirements on the inverter by providing it with 1iquid
(rather than air) cooling. By utilizing waste heat from the inverter
motor and transmission to keep the motor temperature elevated during
its off cycle, it reduces the thermal cycling which the neat engine
experiences as it cycles on and off. It is expected that this will
alleviate problems in the areas of thermal stress fatigue and emissions
control resulting from on/off engine operation.

The projected performance, energy consumption, and life cycle cost for the
hybrid propulsion system can be summarized as follows:

1. Performance (at 2216 kg {4875 1bs.) vehicle test weight)

0 Acceleration: 0-90 km/h in 11.6 sec.
0-50 km/h in 4.4 sec.
40-90 km/h in 8.4 sec.

o Gradeability: Maintain 90 km/h on 4% grade indefinitely.
Start from rest on 30% grade, minimum.

2. Fuel and Energy Consumption (yearly average)
0 Fuel (assumed gasoline), .0384 1/km (61.3 mpg)
0o Wall plug electricity, .221 kwh/km (.356 kwh/mi)

- wu
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3. Life Cycle Cost (160,000 km (100,000 mi.) life)
o 7.13¢/km (11.5¢/mi.) at $2/gal. gascline and 7¢/kwh electricity

The above fuel consumption and life cycle cost values compare to values of
.0881 1/km (26.7 mpg) and 6.11¢/km (9.8¢/mi.) for a conventional propulsion sys-
tem, providing the same performance in a vehicle of the same accommodations and
using the same heat engine technology. Thus, the hybrid system is projected to
red:: e fuel consumption by about 60% relative to a conventional system, but at
a life cycle cost penalty of about 17%. The 1ife cycle cost penalty has a total
present value of about $1600. Reduction in this cost penalty will reguire re-
ductions primarily in acquisition costs of the electric propulsion subsystem and
acquisition and replacement costs (or 1ife) of the propuision battery. which
represent disproportionately high costs relative to the power outputs of these
subsystems. These could materialize if the cost projections made in this study
for semiconductor devices prove to be conservative, or as a result of battery
optimization specifically for the hybrid application. However, it is considered
unlikely that the hybrid cystem will reach actual equality with a conventional
system in terms of 1ife cycle cost unless fuel prices reach the $3/gal. level.

The critical areas of development for the hybrid system may be summarized
as follows:

o System Controls. Implementation of a control strategy which minimizes
overall fuel consumption requires the development o7 a microprocessor
based controller with considerably higher program and data storage
requirements than existing automotive uP systems, along with a large
amount of peripheral equipment (sensors, actuators, etc.). Integration
of the control algorithms for the heat engine, motor, and transmission
to obtain acceptable driveability is viewed as a major development
task, particularly since on/off engine operation is involved.

o Heat Engine. The development of a heat engine and related subsystems
to provide adequate durability, acceptable driveability, and acceptable
emissions under on/off engine operating conditions is critical. With-
out the successful implementation of a control strategy in which the
‘heat engine is running only when required, the fuel economy figures
given above will not be attainable, and the 1ife cycle cost picture
would be worse than it already is.

L%
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o0 Electric Propulsion Subsystem. The key development task here involves
optimizing circuit designs to utilize lower cost componentry, and get-
ting as much out of each component as possible. A start was made in
the conceptual design generated in this study in the integration of
battery charging and 12 V accessory supply functions with the basic
motor power supply function.

0 Propulsion Battery. Although the battery characteristics corresponiing
to ISOA Tead-acid and nickel-zinc batteries were specified by LeRC for
use in this program, the results indicate clearly that a battery de-
signed specifically for a hybrid application should not have the same
characteristics as an electric vehicle battery. Specific power and 1ife
need to be more heavily emphasized relative to specific energy than in
an EV battery, and the discharge rates used in evaluating EV batteries
are almost totally irrelevant to the hybrid application. For this
reason, any hybrid propulsion system develupment effort should be paral-
leled by an effort to develop a battery with characteristics tailored
to the hybrid system.

~y
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2. INTRODUCTION

Hybrid heat engine/battery electric vehicular propulsion cystems offer the
potential of reducing petroleum consumption by transferring vehicular energy
consumption from on-board petroleum based fuel i{o wall plug electricity and,
hence, to coal, nuclear, hydro, and other non-petroleum energy sources. This
report presents the results of a study performed on an advanced version of such
a system utilizing a rotary stratified charge engine and an AC motor/controller
in a parallel hybrid configuration.

The study involved three major tasks:

o Parametric Studies, in which the applicability of this type of
system to five different types of vehicles was studied, and a
vehicle type and set of system parameters selected for further
study.

o Design Tradeoff Studies, in which alternative design approaches
were considered, the influences of various vehicle and propulsion
system parameters on system performance, fuel economy and cost
determined, and design directions for the major components esta-
blished.

o Conceptual Design, in which the design directions were followed
through in additional detail to establish feasibility of the
selected approach.

Subsequent sections of this report will treat each of these areas of
activity in detail, in terms of objectives, scope, technical approach, and
results.

The study was performed by South Coast Technology, Inc., and two major
subcontractors, Gould, Inc., and Curtiss-Wright Corporation. Soutn Coast
Technology performed all system level design and analysis, Gould was respon-
sible for the electric propulsion subsystem, and Curtiss-Wright for the heat
engine.

[, VIO
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3. PARAMETRIC STUDIES

3.1 0Objectives and Scope

There were two primary objectives of this task:

1. To isolate, from among a group of reference mission/vehicle
combinations, that combinaticn which is most suitable for
application of a hybrid propulsion system.

2. To obtain a preliminary estimate of the system design parameters
(power requirements, heat engine power fraction, battery weight
fraction) appropriate to the selected mission/vehicle combination.

The scope of work undertaken to achieve these objectives is outlined below:

1. Construction of an analytical model of the energy consumption
processes in a vehicle with a paraliel hybrid propulsion system.

2. Development of a computer program based on this analytical model.
3. Initial trade-off of system options for five reference vehicles.

4. Evaluation of propulsion system performance in terms of:

a. Energy Consumption
- Spec. fuel consumption, 1/km (gal/mi)
- Spec. wall plug energy, mj/km (kw-h/mi)
- Distance travelled, km (mi)

Fuel and electric energy usage on a yearly basis

b. Energy Flow Distribution
- Energy loss in each subsystem over five driving phases:
Acceleration-cruise-coast-brake-idle
= Subsystems: Heat engine; wall plug powered charger;
primary storage; electric motor/generator; controller;
transaxle

- Mode: A1l heat engine, Hybrid 1 and 2, etc.
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5. Life cycle cost estimates of each of the propulsion concept(s)
for each of five reference vehicles.

6. Recommendation for single baseline mission/vehicle For more
detailed study (1985 technology).

Design constraints and goals for the five reference mission/vehicle
combinations were supplied by LeRC. These are summarized in Table 3-1. The
usage patterns for the vehicles were also specified by LeRC: these are summarized
in Table 3-2 and Figure 3-1. An analytical model! for estimating vehicle mass was
developed by LeRC and used in this study; this is defined in Table 3-3. Finaliy,
the battery characteristics to be used in the study were defined by LeRC, based
on the goals of the Argonne National Laboratory's Improved State-of-the-Art (ISOA)
Battery Development Program. These characteristics are defined in Table 3-4 anc
Figures 3-2 and 3-3.

3.2 Technical Approach

Definition of Basic Parameters

The first step in these studies was to define a set of parameters which
have a major influence on propulsion system manufacturing cost, weight, and fuel
and energy consumption. The simplest set of such parameters is the following:

1. Battery type (lead-acid, nickel-zinc, etc.).

2. Battery weight fraction. Wé, defined as the ratio of battery weight,
HB, to vehicle curb weight, wv.

3. Heat engine power fraction, FQE’ defined as the ratio of peak heat
engine power, PHE’ to the maximum vehicle power requirement PTMAX'

This parameter set intentionally leaves out a great deal of detail; it
does not consider variations in the type of heat engine, traction motor, con-
troller, and so forth. Essentially, the assumption was made that such variations
would not affect significantly the range of 'basic' parameter values selected
as containing an optimum. For example, if the characteristics of a turbocharged
instead of a naturally aspirated engine were used in the various vehicle system

ATy
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TABLE 3-2. DAILY RANGE FREQUERCY FOR ONE YEAR

DAILY RANGE NC. DAY OF TOTAL RANGE

KM (MI) THE YEAR KM (M)
o ( 0.0) 16 o { 0)
10 ( 6.2) 130 1300 ( 808)
30 ( 18.6) 85 2550 (1585)
50 ( 31.1) 57 2850 (1771)
80 ( 49.7) 54 4320 (2685)
130 ( 80.8) 12 1560 ( 970)
160 ( 99.4) 7 1120 ( 696)
500 (311.0) 3 1500 ( 932)
800 (497.0) 1 800 ( 497)
TOTALS 365 16000 (9944)

NOTE: Use the above date to compute the yearly on-board

fuel and wall plug energy consumption for all
reference mission/vehicles except the city bus.
For days with less than 80 km range, assume the
“special test cycle" (STC) shown in rFigure 3-1.
For days with more than 80 km range, assume that
10% of the distance is driven over the STC and
that 90% of the distance is driven at a steady
speed of 90 km/h (56 mph).

For the city bus, assume that its daily range is
constant and use SAE J227a, Schedule C. Yearly
travel is 32000 km.

B
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TABLE 3-3

PARAMETRIC REPRESENTATION OF WEIGHT
Definition Formula
Maximum design payload -
Test payload -

Fixed weight -

Gross vehicle weight We = ws + NPL,EagP + W
Curb weight HC = NG - wPL, max.
Test weight WT = wc + wTL
Structure and We = 0.23 W,
- : G
chassis weight
Propulsion weight Determinad by contractor

MISSION/VEHICLE SPECIFIC WEiGHT CONSTANTS

Mission/Vehicle

Units A B C D E

wPL, max.

b 1

We

kg (15.) 166 {366) 272 (600) 508 (112G) 1043 (2300) 3629 (8000)
kg (1b.) 83 (183) 136 (300) 254 (560) 522 (1150) 1815 (4000)

kg (1b.) 204 (450) 408 (900) 612 (1350) 816 (1800) 5200 (11464)

PRWIAD
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TABLE 3-4. ISOA BATTERY CHARACTERISTICS

Lead-Acid
Specific Energya, Wh/kg 40
Specific Power®, W/kg 100
Cycle Life® g00
Costd, $/kuh 50
Energy Efficiency >.6

a. At a 3h discharge rate and an 8h charge rate.
b. Peak from battery - 15 second average

c. Number of discharges to 80% depth of discharge from rated
capacity. Duty cycle is 4-8 hour charge, 2-4 hour
discharge.

d. Price delivered to auto manufacturer with a production
of 10,000 units per year.

Nickel-Zinc

80
150
500

75

0.7
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models, this would not change the conclusion that the battery weight fraction
should fall within a certain narrow range, and the heat engine power fraction
within another narrow range, and so forth. This assumption was necessary to
permit the universe of possibilities, which would bte investigated in more detail
in the design trade-off studies, to be kept down to a manageable size.

Vehicle and Propulsion System Design Parameters

The next step was to determined the variation in vehicle and propulsion
system physical characteristicc (power ratings, weights, etc.) with these basic

parameters. This was done by first determining the power-to-mass ratios required

to achieve the performance goals shown in Table 3-1. Because of the fact that
an AC electric propulsion system has a power curve which is shaped differently
than that of an internal combustion engine, the required power-to-mass ratio
varies somewhat as a function of the heat engine power fraction. The following
assumptions were made in determining the required power-to-mass ratio:

1. The heat engine has a maximum torque curve shape typified by that
of a stratified charge rotary engine, as exemplified by the Curtiss-
Wright RC1-60 engine {Figure 3-4).

2. The maximum torque curve for the electric propulsion system is defined
by a constant torque outpu. up to & certain speed, followed by a
constant power output above that speed (Figure 3-5).

3. The transmission characteristics are typified by a 4-speed overdrive
autom:.tic transmission. The program which was used for simulating
full chrottle accelerations, VSPDUP, does not have the capability of
modeling a torque converter. C(onseguently, the torque multiplication
range of the torque converter was represented by the first gear in a
5-speed transmission; this gear was assigned a much lower efficiency
than the other four gears.

A series of runs were made with the VSDUP program (see Section 3.3 for
details) to determine the power-to-mass ratios needed to meet the acceleration
performance goals with various heat engine power fractions, for the five dif-
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27

representation defined by LeRC (Table 3-3). The mass relationships shown in
Table 3-3 reduce to the fallowing:

Vehicle A Wr = 1.3 W, + 398 (Kg)
Vehicle B Wp = 1.3 Wy + 748 (Kg)
Vehicle C Wy = 1.3 W, + 1202 (Kg)
Vehicle D He = 1.3 W, + 1896 (Kg)
Vehicle E

NT = 1.3 Wp + 9664 (Xg)

Thus, the test mass is a simple linear function of the propulsion system mass.
Note that the above equations imply a mass propagation factor of .3; i.e., for
ever Kg of propulsion system mass added, .3 Kg must be added in vehicle struc-
ture, brakes, etc.

The propulsion system masses were defined by a set of linear relation-
ships, with the respective power levels, as summarized in Table 3-5. These
relationships were based or information supplied by the heat engine and elec-
trical propulsion subcontractors, Curtiss-Wright and Gould, and were subsequently
updated in later phases of the program.

The procedure used to determine the power-to-mass ratios required to meet
acceleration performance requirements was as follows:

1. Assume a value for the total power required and compute the heat
engine and motor power ratings corresponding to the heat engine power
fraction for the particular case under consideratien.

2. Compute the propulsion system and test weights based on the relation-
ships in Table 3-3 and 3-5.

3. Using the vehicle test weight and power ratings determined above, run
VSPDUP to determine D-50, 40-90, and 0-90 KPH acceleration times.

4. Adjust total power and heat engine and motor ratings in the direction
indicated by the results of the VSPDUP runs and go back to step 2.
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TABLE 3-5
Heat Engine: wh = 2.3 Ph + 95
where wh = heat engine weight, kg
Ph = heat engine power, kw
Electric Motor & Controller: We = 3.3 Pg
where We = electric motor weight, k¢
Pe = electric motor input power, kw
ISOA Batteries: wb = 10 Pe
where Nb = [SOA battery weight, kg
Pe = battery power, kw
NiZn Batteries: W, = ©.67 Pg
where wb = Niin battery w